Revised diagnostic criteria for Alzheimer disease (AD) acknowledge a key role of imaging biomarkers for early diagnosis. Diagnostic accuracy depends on which marker (i.e., amyloid imaging, 18 F-fluorodeoxyglucose [FDG]-PET, SPECT, MRI) as well as how it is measured ("metric": visual, manual, semiautomated, or automated segmentation/computation). We evaluated diagnostic accuracy of marker vs metric in separating AD from healthy and prognostic accuracy to predict progression in mild cognitive impairment. The outcome measure was positive (negative) likelihood ratio, LR1 (LR2), defined as the ratio between the probability of positive (negative) test outcome in patients and the probability of positive (negative) test outcome in healthy controls. Diagnostic LR1 of markers was between 4.4 and 9.4 and LR2 between 0.25 and 0.08, whereas prognostic LR1 and LR2 were between 1.7 and 7.5, and 0.50 and 0.11, respectively. Within metrics, LRs varied up to 100-fold: LR1 from approximately 1 to 100; LR2 from approximately 1.00 to 0.01. Markers accounted for 11% and 18% of diagnostic and prognostic variance of LR1 and 16% and 24% of LR2. Across all markers, metrics accounted for an equal or larger amount of variance than markers: 13% and 62% of diagnostic and prognostic variance of LR1, and 29% and 18% of LR2. Within markers, the largest proportion of diagnostic LR1 and LR2 variability was within 18 F-FDG-PET and MRI metrics, respectively. Diagnostic and prognostic accuracy of imaging AD biomarkers is at least as dependent on how the biomarker is measured as on the biomarker itself. Standard operating procedures are key to biomarker use in the clinical routine and drug trials. Neurology â 2013;81:487-500 GLOSSARY AA 5 Alzheimer's Association; AD 5 Alzheimer disease; ANOVA 5 analysis of variance; FDG 5 fluorodeoxyglucose; ISTAART 5 International Society to Advance Alzheimer's Research and Treatments; LR 5 likelihood ratio; MCI 5 mild cognitive impairment; NIA 5 National Institute on Aging; NINCDS-ADRDA 5 National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association; npMCI 5 nonprogressed mild cognitive impairment; pMCI 5 progressed mild cognitive impairment; sc-SPM 5 single-case statistical parametric mapping; SOP 5 standard operating procedure.
hallmarked by senile plaques and neuronal tangles on microscopic examination. They further stipulate that positivity on one or more disease markers of brain amyloidosis (decreased levels of Ab42 in the CSF and increased binding of amyloid imaging agents with PET) and neuronal injury (cortical temporoparietal hypometabolism on 18 F-fluorodeoxyglucose [FDG]-PET, or hypoperfusion on SPECT, medial temporal atrophy on MRI, and increased tau or phospho-tau in the CSF) is associated with high likelihood that the patient's cognitive impairment is due to AD pathology.
The view is largely shared that the criteria, although potentially applicable, are not ready to be widely used in routine clinical practice, [6] [7] [8] [9] although a fluorinated ligand 10 is qualified by US and European Union regulatory agencies, 11, 12 and amyloid PET and hippocampal volume are qualified by the latter for enrichment in clinical trials of AD modifiers. 13, 14 None of these biomarkers, neither imaging nor fluid, is reimbursed by health care providers or third party payers. However, some specialized clinical services with the appropriate knowledge and facilities are using biomarkers as adjuncts in the diagnostic process, supporting the practical urgency of quick progression on the track of criteria validation. In this context, the intrinsic test characteristics of biomarkers will represent a key factor for successful validation.
A number of reviews are available on the diagnostic accuracy of imaging biomarkers. Reviews have generally focused on single modality markers (i.e., MRI, FDG-PET, amyloid PET, or perfusion SPECT markers), and only a few have addressed accuracy across different modalities (e.g., MRI vs FDG-PET markers). Still fewer have studied diagnostic accuracy across different operating procedures, and none has addressed diagnostic accuracy of imaging biomarkers across different modalities and operating procedures. The latter effort is important to appreciate the relevance of modality and operating procedure on diagnostic accuracy. This information will help in designing clinical research studies aimed at validating the new diagnostic criteria for AD, and contribute to the progression of imaging biomarkers from informal diagnostic adjuncts to fully validated biomarkers.
We aimed at estimating the diagnostic and prognostic accuracy of different AD imaging biomarkers (here called "markers") and their operating procedures (here called "metrics"), and to investigate the amount and source of variance among them. This review was conceived by the Neuroimaging Professional Interest Area, a group of clinical imaging scientists borne of the Alzheimer's Imaging Consortium and the specialist branch of the International Society to Advance Alzheimer's Research and Treatment (ISTAART) of the AA, in the context of its mission to promote the appropriate use of imaging in clinical and research contexts. The views expressed herein are those of the authors and do not represent a formal position or endorsement by the AA.
METHODS Inclusion and exclusion criteria. We performed a search on the PubMed database for literature published between 1989 and April 2012, using combined specific terms of AD, accuracy, and biomarkers: "condition AND marker AND submarker AND (accuracy OR sensitivity OR specificity)," where conditions were "Alzheimer's disease" and "mild cognitive impairment," markers were "amyloid PET," "SPECT or SPET," "18F-FDG PET," "magnetic resonance," whereas submarkers were " 18 F" and " 11 C-PiB" for amyloid PET; "hippocampus," "amygdala," "entorhinal cortex," and "temporal horn" for MRI; and " 99m Tc-HMPAO" and " 99m Tc-ECD or 123 I-IMP" for SPECT. The "related articles" feature in PubMed for the selected research studies and references of retrieved articles were also screened to maximize the probability of finding additional relevant studies. We extracted single studies from reviews and metaanalyses [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and addressed them individually. The search was limited to articles involving human subjects and written in English.
We included studies reporting sensitivity and specificity for each single analytic method for each biomarker ("metric"), and the number and the diagnosis of subjects for each comparison group. The clinical diagnosis was the comparator between different studies. For mild cognitive impairment (MCI), we included only studies that considered sensitivity as the correct classification of patients with MCI who subsequently progressed to AD dementia (pMCI) vs patients with MCI who did not progress (npMCI).
We excluded studies if they did not i) study patients with AD or MCI; ii) report numerical data for sensitivity and specificity; iii) explicitly state procedures for marker measurement; iv) assess the diagnostic performance of individual imaging biomarkers (e.g., accuracy of clinical diagnosis plus biomarkers, or a panel of biomarkers); v) disaggregate pMCI from npMCI; or vi) provide information on group size. Studies of AD vs other types of dementia were not considered because of i) the low number of available studies, and ii) the fact that we should have further disaggregated studies not only by markers by metrics but also by non-AD conditions, thus resulting in an unacceptably small group size per cell. We excluded studies comparing healthy elderly people and patients with MCI because of the huge etiologic heterogeneity of the MCI group, and studies of patients with MCI who progressed to non-AD dementias.
Metrics. The selected studies were classified based on the specific marker acquisition and analytic approach (metric) (figure 1). Metrics are described below for each marker.
Amyloid imaging agents with PET. Metrics include: i) visual read, the qualitative assessment of cortical ligand uptake for each image; ii) standardized uptake value ratio, the quantitative analysis of the ratio of cortical ligand uptake to a reference region for each image; and iii) distribution volume ratio, the quantitative analysis of the ratio of cortical ligand distribution volume to the cerebellar uptake for each image.
Temporoparietal hypometabolism on 18 F-FDG-PET. Metrics include: i) computer-aided visual read (Neurostat/3D-SSP, http://www.rad.washington.edu/research/Research/groups/nbl/ neurostat-3d-ssp), which uses the 3-dimensional stereotactic surface projection technique through the Neurostat automated image analysis procedure, comparing each image on a pixel-by-pixel basis with a normative reference database, and producing parametric z score images; ii) t-sum/hypometabolic convergence index, the automated summary measures of AD-related hypometabolism based on the comparison of individual images with a normative reference dataset in a predefined AD mask (t-sum score is computed as voxel-by-voxel sum of t scores in a predefined AD-pattern mask, 27 whereas the hypometabolic convergence index is calculated as the inner product of the individual Z-map and a predefined AD Z-map 28 ); iii) computer-aided visual read using single-case statistical parametric mapping (sc-SPM) (http://www.fil.ion.ucl.ac.uk/spm), computing a score as the average metabolism on a set of meta-analytically derived regions of interest reflecting the AD hypometabolism pattern; and iv) visual read, the qualitative assessment of cortical metabolism for each image.
Temporoparietal hypoperfusion on SPECT or SPET. Metrics include: i) visual read, the qualitative assessment of cortical perfusion for each individual image; and ii) quantitative/semiquantitative assessment, the quantification of cortical perfusion for each image.
Medial temporal atrophy on structural MRI. Metrics include: i) visual read, the qualitative assessment of structure atrophy using Likert scales; ii) manual segmentation, the volumetric measurement through manual segmentation; iii) automated volumetry measurement computed through automated segmentation algorithms (FreeSurfer, which implements the subcortical segmentation by probabilistic segmentation based on a prior anatomical model 29, 30 ; AdaBoost-ACM, a "machine learning" method that learns features to guide segmentation 31 ; BrainVISA SASHA, the deformation constraint approach based on prior knowledge of anatomical features automatically retrieved from MRI data 32 ); and iv) linear measure, the manual measurement of the medial temporal lobe and the temporal horn of the lateral ventricle. Table 1 suggests that metrics are remarkably heterogeneous for acquisition procedures, automation, stability, intensivity (in terms of human or machine time), availability of a normative population and threshold, and cost.
Outcome measure. To investigate the variability attributable to markers, submarkers, and metrics, we chose the likelihood ratio (LR). We preferred this to the more traditional sensitivity and specificity because it combines information of both sensitivity and specificity and is not affected by arbitrary thresholds that authors may choose to maximize the specificity or sensitivity of a test. Positive and negative LRs (LR1 and LR2) were computed as follows: LR1 5 sensitivity/(100 2 specificity) and LR2 5 Figure 1 Markers, submarkers, and metrics reviewed in the current study 3D-SSP 5 3-dimensional stereotactic surface projection; 11 C-PiB 5 11 C-labeled Pittsburgh compound B; 99m Tc-ECD 5 technetium-99m bicisate; 99m Tc-HMPAO 5 technetium-99m hexamethylpropylene amine oxime; 123 I-IMP 5 123I-N-isopropyliodoamphetamine; FDG 5 fluorodeoxyglucose; HCI 5 hypometabolic convergence; sc-SPM 5 single-case statistical parametric mapping; t-sum 5 PMOD Alzheimer discrimination analysis tool; TP 5 temporoparietal. 33 We analyzed separately the accuracy for the discrimination of persons with AD from healthy elderly subjects ("diagnostic," dementia stage) and for the discrimination of pMCI from npMCI ("prognostic," MCI stage).
To obtain pooled measures of sensitivity and specificity, we used a classic Bayesian approach. 34 (Details are provided in the supplementary material on the Neurology ® Web site at www.neurology.org.) The estimation was repeated for each set of studies that investigated the same operating metrics on the same type of diagnostic groups.
Statistical analyses were performed with SPSS 12.0.1 (SPSS Inc., Chicago, IL) using 1-way analysis of variance (ANOVA) and nested ANOVA to test whether diagnostic and prognostic LR1 and LR2 variability was attributable to differences among markers, metrics, and submarkers or attributable to variability among the metrics within markers, among the metrics within submarkers, or among the submarkers within markers. Statistical analyses and plots were restricted to metrics used by at least 3 studies. Through a linear regression analysis, we investigated the effect of age, disease severity, group size, and follow-up duration on sensitivity, specificity, and LR values. Table 2 shows sensitivity and specificity values pooled across markers, submarkers, and metrics. Diagnostic accuracy was highest for amyloid imaging Continued and progressively lower for 18 F-FDG-PET, SPECT, and MRI. Prognostic accuracy had a similar pattern across markers, but was generally lower than diagnostic accuracy.
RESULTS
LR analysis, dementia stage. The analysis of LR1 (figure 2A) mirrored the accuracy analysis pattern; it was best for amyloid imaging (9.4) and poorest for MRI (4.4). Considering amyloid imaging submarkers, LR1 values were best for 18 F ligands, whereas for MRI submarkers, the best were for temporal horn and the poorest for entorhinal cortex. At the metrics level, the variability of LR1 was often as high as between markers, in particular for 18 F-FDG-PET (range: 13.3-2.4), and for MRI (10.7-4.2). The variability among metrics was lower for the other 2 markers.
In LR2 ( figure 2B ), for markers, the best values were for amyloid imaging (0.08) and the poorest for MRI (0.25). LR2 values across amyloid imaging submarkers were rather homogeneous and little variation was also detected for MRI submarkers.
The variability of LR2 of metrics was much higher, especially for amyloid imaging (0.01-0.10), and for 18 F-FDG-PET (0.05-0.23). Variability among metrics was lower for the other 2 markers: 0.21 to 0.32 (MRI metrics), and 0.13 to 0.17 (SPECT metrics). For detailed information, see table e-1.
The variability of LR1 within metrics was even greater than across markers and metrics. Many metrics spanned 2 orders of magnitude, LR1 ranging from the poorest values between 1 and 3 up to between 70 and 100 ( figure 2A) . The variability of LR2 within metrics was similar, spanning 2 orders of magnitude from 0.01 to 1.00 ( figure 2B ).
LR analysis, MCI stage. Prognostic was generally poorer than diagnostic LR1 figures, being more than 5 for only 18 F-FDG-PET (7.5). The pattern was also different; the second best LR1 value was that of MRI (2.6), followed by SPECT (2.2), and by amyloid imaging (1.7). It should be noted, however, that the number of studies contributing to prognostic LR1 estimation was much lower than that of diagnostic LR1. Considering MRI submarkers, prognostic LR1 was 2.9 for hippocampus and 2.2 for entorhinal cortex ( figure 3A) .
In analogy with the pattern of diagnostic LR1, the variability across metrics was in some cases at least as large as that across markers. Prognostic LR1 of 18 F-FDG-PET metrics ranged from 12.8 to 1.7. The variability across MRI metrics was lower (3.2-1.8).
For markers, LR2 values (figure 3B) were best for amyloid imaging (0.11) and poorest for MRI (0.49) and 18 F-FDG-PET (0.50). For MRI submarkers, LR2 was 0.49 for hippocampus and 0.56 for entorhinal cortex.
Again, LR2 values of 18 F-FDG-PET metrics were quite heterogeneous (0.08-0.64), whereas the variability across MRI metrics was lower (0.46-0.50). For details, see table e-1.
The variability of prognostic LR1 within metrics spanned 1 order of magnitude, with few exceptions spanning 2 orders of magnitude (from approximately 1 to 10). The variability of LR2 within metrics was similar, with a few exceptions spanning 2 orders of magnitude ( 18 F-FDG-PET sc-SPM and amyloid PET-standardized uptake value ratio) ( figure 3B ).
Proportion of explained variance of LR estimates, dementia stage. Markers accounted for 11% of LR1 and 24% of LR2 variance and metrics for 13% and 29%, respectively ( figure 4A ). When markers were divided into "functional" ( 18 F-FDG-PET and SPECT) and "structural" (MRI), they accounted for 12% of LR1 variance. Of all metrics, those with the largest variability were 18 F-FDG-PET metrics (39%) for LR1, and MRI metrics (37%) for LR2. The variance of LR2 explained by Only metrics with at least 3 studies are shown. Boxplots denote median, first, and third quartiles, and whiskers denote minimum and maximum values (excluding outliers). Dashed lines indicate the conventional thresholds of clinical relevance (5 for LR1 and 0.2 for LR2). DVR 5 distribution volume ratio; FDG 5 fluorodeoxyglucose; sc-SPM 5 single-case statistical parametric mapping; SUVR 5 standardized uptake value ratio; 3D-SSP 5 3-dimensional stereotactic surface projection.
metrics remained significant even when tested with the more stringent nested ANOVA within markers (17%) and submarkers (15%). When restricted to MRI, nested ANOVA analysis showed that metrics within MRI submarkers accounted for 41% of diagnostic LR2 variance.
Proportion of explained variance of LR estimates, MCI stage. When compared with diagnostic LR1 variance, both markers and metrics accounted for a larger proportion of prognostic variance (18% and 62%, respectively) ( figure 4B) . In contrast, compared with Only metrics with at least 3 studies are shown. Boxplots denote median, first, and third quartiles, and whiskers denote minimum and maximum values (excluding outliers). Dashed lines indicate the conventional thresholds of clinical relevance (5 for LR1 and 0.2 for LR2). FDG 5 fluorodeoxyglucose; HCI 5 hypometabolic convergence index; sc-SPM 5 single-case statistical parametric mapping; SUVR 5 standardized uptake value ratio.
diagnostic LR2 variance, markers and metrics accounted for a lower proportion of prognostic variance, 16% and 18%, respectively. Similarly to diagnostic metrics, the prognostic metrics with the largest LR1 variability were 18 F-FDG-PET metrics (82%). Metrics accounted for 25% of prognostic LR1 variance of the MRI marker. When considered together, SPECT and 18 F-FDG-PET metrics accounted for 78% of prognostic LR1 variance.
The prognostic variance of metrics remained significant even when tested with nested ANOVA within markers (68%). When restricted to SPECT and 18 F-FDG-PET metrics, nested ANOVA analysis showed that these functional metrics accounted for 86% of prognostic variance.
Effect of confounders on LR estimates. Specific analyses regarding the effect of study group size, follow-up duration, age, and disease severity on accuracy figures are reported in the supplementary material. DISCUSSION We have estimated diagnostic and prognostic accuracy of different AD markers as well as pertinent metrics, and the amount and source of variance among them. We have shown that the diagnostic and prognostic accuracy of imaging AD biomarkers is at least as dependent on how the biomarker is measured as on the type of biomarker itself. While acknowledging that imaging biomarkers capture different neurobiological constructs (brain amyloidosis, neuronal injury at the molecular level, and neuronal injury at the gross Proportion of explained variance and significance of positive and negative likelihood ratio (LR1 and LR2) for correct classification between (A) patients with Alzheimer disease and healthy subjects, and (B) patients with progressed and nonprogressed mild cognitive impairment Analysis included only values for metrics with at least 3 studies. Rectangles denote the markers or metrics whose LR variance is computed. DVR 5 distribution volume ratio; FDG 5 fluorodeoxyglucose; sc-SPM 5 single-case statistical parametric mapping; SUVR 5 standardized uptake value ratio; 3D-SSP 5 3-dimensional stereotactic surface projection.
structural level), this observation provides empirical support to current efforts aimed at developing standard operating procedures (SOPs) for AD biomarkers. 7, 35 Such efforts are key to the use of imaging biomarkers in the diagnostic routine and in clinical trials. Diagnostic LRs were generally better than prognostic LRs: diagnostic LRs1 were approximately .5 for all markers and metrics (except 18 F-FDG-PET visual read), and diagnostic LRs2 were generally ,0.20, except for MRI metrics. This is expected in that biological changes in patients with pMCI are milder than in patients with AD dementia. [36] [37] [38] [39] [40] [41] The increasing awareness of AD and options for early diagnosis make biomarkers particularly useful in clinical practice to distinguish pMCI from npMCI. Here, LRs1 were ,3 for all metrics and markers, except 18 F-FDG-PET; the pattern was similar for LR2, where all markers and the majority of metrics yielded LR2 .0.45, except amyloid imaging. Alternatively, better LRs of diagnostic studies might be attributable to cross-sectional case-control studies yielding optimistic estimates of sensitivity and specificity. 42 LR point estimates of amyloid imaging metrics tended to be better than the other metrics. This is in line with the current understanding of the AD pathophysiology, positing that brain amyloidosis is a necessary condition for AD-related neurodegeneration to take place. 4, 43 On the contrary, LR1 and LR2 figures were the poorest for MRI metrics in almost all conditions. This is expected in view of the little specificity of medial temporal atrophy, which is featured in AD as well as in a proportion of cognitively healthy older persons. 44 It should be emphasized, however, that because of limitations of the current review, we cannot conclude that a metric or a marker is better than another for clinical use. For instance, the number of studies with amyloid imaging is by far lower than those with MRI and, in the prognostic condition, also than those with 18 F-FDG-PET. More amyloid imaging studies, possibly focused on differential diagnosis, are needed to consolidate the pertinent estimates on LRs and to allow comparisons among different tracers.
The metrics with the largest variability were those of 18 F-FDG-PET. Interestingly, diagnostic LR1 for t-sum was better than sc-SPM, and vice versa for prognostic LR1. This attests to the benefits of standardizing 18 F-FDG-PET metrics.
Importantly, if the variability of diagnostic LRs across metrics varied by 1 order of magnitude (i.e., 10-fold), the variability within a metric varied by as many as 2 orders of magnitude (i.e., 100-fold). The within-metric variability of prognostic LRs also varied by 1 order of magnitude. This observation militates in favor of standardization of metrics, which should reduce this 100-fold variability to close to zero.
Metrics vary for a number of features such as dependency on i) a specific (sometimes nonroutine) image acquisition protocol and ii) a human rater and automation; iii) stability over time (test-retest reliability) and across raters (interrater reliability); iv) feasibility in routine clinical settings, where human and technological resources are tailored to the use of routine tests; availability of v) rigorously standardized operating procedures for measurement vi) of a reference normative population and vii) of reliable abnormality thresholds; and viii) cost of the overall acquisition and measurement procedure. All of the above issues should be addressed by standardization efforts for metrics to be adopted in the clinical routine and to be used as the reference for validation of automated algorithms. The practical message to clinical neurologists is that using AD markers in the diagnostic pathway of patients with cognitive impairment is not a guarantee of greater accuracy per se. Because accuracy largely depends on how a marker is analyzed, clinicians wishing to follow the International Working Group or NIA-AA diagnostic criteria can i) use metrics for which SOPs are available and whose accuracy is known (e.g., FreeSurfer/NeuroQuant for medial temporal atrophy or 18 F-florbetapir for cortical amyloid burden), ii) empirically measure in their own setting the accuracy of the metric they wish to use, or iii) wait for SOPs to be developed for other metrics.
This review has a number of limitations that should be noted. Because of the small number of studies, we did not address the accuracy of imaging biomarkers for the differential diagnosis of dementia type (AD vs Lewy body dementia, vs frontotemporal degeneration, etc.). With the hopeful advent of drugs affecting specific core pathophysiologic substrates of AD, this issue may become of greater relevance and need to be properly addressed, also because differential diagnosis is crucial in the clinical practice. However, we found that how a marker is measured is as relevant as which marker is considered even for a less "clinically relevant" and "easier" comparison (AD vs healthy), further reinforcing the need of standardized measurement of biomarkers.
We accepted the definitions of AD and MCI adopted by the reviewed studies, including exclusion criteria (e.g., vascular disease, medications), thus accepting the inherent clinical heterogeneity, which may be enhanced by the fact that some patients were from research cohorts. We did not consider neuropathologic diagnosis of AD because few studies have histopathologic confirmation of AD diagnosis and we recognized that this is a limitation of our review. Data regarding the "classification" of AD dementia vs cognitively normal elders is only a necessary but not sufficient indicator of a test's value and does not reflect its diagnostic accuracy in clinical settings. Further tests of "diagnostic" value would be those that help in the differential diagnosis (e.g., among different dementia cases) for predicting postmortem neuropathology and a person's clinical course (as in the MCI analysis), and eventually, for predicting response to treatment. Another limitation pertains to the use of imaging markers for prognosis 4 and differential diagnosis 5 in the context of the new criteria. Here, imaging needs to be used together with biological (CSF) markers, and the contribution of biological markers to LRs of imaging markers will need to be investigated in future studies with pathologic confirmation.
The definition we chose to classify metrics should be taken with due caution: neurodegenerative changes in the medial temporal lobe have largely been assessed using volumetric MRI, but evidence showed that they can also be accurately studied with FDG-PET. 45 Confounders had little effect on diagnostic and prognostic accuracy values, with the exception of the positive association of age with LR2 and its negative association with specificity in AD, and negative association of age with LR1 and specificity in MCI stage. We believe that this observation is attributable to the relatively higher frequency of abnormal markers in elderly persons despite no disease. 46 For the MCI stage, there was a significant effect of study group size on LR2, indicating a slight increase of false-negative rates for a given true-positive rate with increasing size. This is understandable in light of observations that smaller studies frequently show better accuracy values because of stricter selection of cases. Lastly, it should be noted that some sources of variability (e.g., ethnicity, application of diagnostic criteria, inclusion and exclusion criteria, case mix, socioeconomic status) might have escaped our analyses because of the intrinsic limitations of this type of meta-analysis.
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